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ABSTRACT 

An ftoerliintil telerobotlos ( TR ) iliul iUin Is described suitable for studying "um 
o oo n to r (H.O.) per f or aence. Simple manipulator o l o'* -and -o l m and tracking tasks olio wed 
luontl to tl ve comparison of a number of calligraphic display viewing conditions. 

A 'tuilMr of control fotii could bo ooistni In this TR slsulitlun, Ivslultn 
displacement, r a te""^3 / h^”"ao o e l e r a to r y control using oosltlon and foroo Joystick*. A 
homeoaorphlc controller turned out to b9 no better than Joysticks* tbs adsotlve orooertle* of 
th 9 H.O. oin apparently pora l t quits Rood control over 9 variety of controller conf Igurs tlons 
9 nd control mods*. Training by optimal control snipls sssasd hsloful In preliminary 
experiments . 

An Introduced ootiunlcrtion delay was found to oroducs decrease In performance. In 
considerable pert, tht»”ITf?^uVtv nould be coaoenseted for by preview control tnforaetlon. 
Thet neuroloRlcel control of noreel huien movement contelns e seeoled date oerlod of 0.? 
seconds aey relete to this robustness of H.O. control to deley. 

The Aaes -Berkeley enhenced perspective display ass utilised In conlunctlon with sn 
experl aen ts l helaet aounted display systea (HHTfi”lhat provided stereoscopic enhanced views. 
Tvo degree -of -freedom rotations of the head »ere aessured with a Helmholtz coll Instruaent and 
these anRles used to ooapute a directional conical window Into a 1-0 slaulatlon. The vector 
eleaents within the window w*re then transforaed by projective Reoaetry calculation* to an 
Interaedlate stereoscopic display, received by t»o video oaaerss and laaRed onto the HHD alnl- 
dlsolay units (one-inch CRT video receivers! aounted on the helaet. 


IHTHOOUCTIOH 

A tele robotic, TR, systea Is defined as a distant robot with vision and sanloulator 
and/or aoblllty subsysteas controlled by a huaan operator, HO. The HO Is Inforaed vainly by a 
visual display, but also by other sensors and other sensory displays, l.e. auditory, force or 
tactile” hTs” control can be direct vija Joysticks, or supervisory via coaaand and control 
primitives ef?eote'd”by partially autonomous robotic functions. Delays and bandwidth 
llaltatlons In coa aun l ca t Ion are key problems. complicating display and control (Stark, Kla. 
Tendtck, et al, 1 9 9 61 \ 

The research presented here was Initially carried out by the students tsklnR a Rraduate 
control course, HE 210 "BloloRloal Control Systems: Telerobotlos.'’ 


Se search start \ 

* Students In Rraluate bloenRlneer InR class, HE 210, Biological Control Systems, Fall 19S5. 
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KHmUKTU SET-OP TO* PtC< -ASP-PLACt lilll 

. u i 4flMM ti»n •tautetor constructed with % dtspltf. loystlok*. end * oououter 
lhfM !„U * *• be oerforwed end *"<*"' dialer end -ntrol oondltlon. 

•veiueted (n<uf« i). * dispier 

(ilMl*tt*Pieku< 1M«) '••*4 ?9P f” 4 7 ot# r 

drswtn* end updettn* with hl«b resolution. In our HP 1345A LSM1/23 

etperinsnts, dts<»leaeu*nt Joysticks * ,r * Callkyaohic Computer 

aiH, el though in one sxyerfwent % foroe 

tf ,i u <»ed to eoipere with % dlsplecewent Joystick. Dtbpioy 

An LSI-11/23 computer with the ST-11 operetta* 
erete* eosputer wes oonneotsd to the Joystick 

outputs through 12-blt A/0 converter*. eni to the ” 

vector dlsoley systew through e 16-blt perellel 4KX16bit A K tooll«l 

I/O port. Memory \ -V I/O 


LSl-TI/23 

Computer 


tool lei 
I/O 


Joysticks 


Figure 1. Expert w entel Arrxn*e *ent 


| , ■! m wmmmM 

A tyoloel preeentetlon on the dteoley eoreen 
for three -exls olck -end -piece teek* Included e 

oy 1 Indrlc e l senlouletor. object* to sick up. end 

botee In which to piece thee, ell disoleyed In ye V/" | ^ lp-Kf A/D 

perspective (Fl<ur* 2). Since perspective V Y g GwSli 

protection elone le not sufficient to present T| I p-i W * WW 

three -d l eenslone l mforeetlon on the two- ’ 

dteenslonel screen. e *rld representing e Joysticks 

horltontsl bese olene end reference lines 

il en 1 , 3 We 0 t t ll ' pV e sVn ° YeViU? ’ KlV.' ^reeV/ Fl*ur, 1. iioerlnentel Arrenjeaent 

Trier end 3t*rk. 1935» Kls. Ellis. Trier end 

3ter>c. 1933). The husen cperetor controlled the 

sentouletor on the dlsoler usln* two Joysticks to 

pick up eech obtect with the eenlouletor *rlooer 

end piece It In the o o r re s pond l n * bos. One head. 

u s l n * two exes of one Joystick. contols the I ^ 

srlooer position for the two exes perellel to the I 

her lion te l bese olene (*rld). The other hend, 1 « 

a e l n c one exls of the other Joystick. controls the \ \ . 

wrlpoer position for the third exls (verttcel 1 = -i t~ 4 — 1 

height) perpend loul er to the bese olene. Pl** ln * I i h I C 

no en object is eccoeollshed by touching en object I f — j j — 

vlth the eenlouletor *rlooer. Likewise, plecln* III « ^ 

en object Is eccoeollshed by toushln* the correct j 1 

box with the eenlouletor *rlooer. j ^ 

Fuse Ire 3 1 eu 1 e to r j G 

In eddltlon to the cyllndrlcel eenlouletor 
sleuletlon. the klneeetlcs end dyneelcs e six 
4. ( re* -of-freedos Puss robot ere were sleuleted. 

Se^h of these decrees of freedoe were controlled Figure 2. K .5gj|jg^2J 

eteulteneouslr usln* two Jorstlcks. Although no 

esoeneent, he we y* ^ ^ TVtep towerd exoerleent, with sore ooeolex 
eenl^Dule t°ors K low -bendw Idth telephone connection to control two Puee eres et Jet Prooulslon 
Lebl li Pesedene Is olenned. The sleuletlon will ellow prediction of the robots notion t, 
provide e orevlew dlsoler to help overcose the c o e eun l c e 1 1 on delers Inherent In such 
beodwldth connection, or es In treneelsslons to eenlouletors In soece. 


Figure 2. Aw es -Berkeley 71 sue l 
?nhsncssent Olsol ey 


CONTROL MOOS EXPERIMENTS 

Position end rete controls ere the two coeeon nnuel control mode, for controlMn* 
. i weni a..i * « fh (or hmi ^oatroll^ri) (-Johfi**n * 1971. 

In ’the position control the Joystick coeeend Indlcstes the desired end effector position of 
the sentouletor , wherees In the rete control the Joystick cowsend Indlcstes the desired end 

effector velocity. 

In our three -exls pick -end -ol see teeks, the husen ooeretor controls the senloule tor hsnd 
position in the robot bese Certeslen coordlnete by usln* three exes of the two disolecesent 
Joysticks. In ours (or Idsel) oosltlon control, the systes trensfer function fros the 
Joystick disolecesent Input to the ectuel eenlouletor hend oosltlon cutout Is e constant *eln 
^ for eech exls In l pur , „ t , control, the systes trensfer function Is e ,ln<le in e ? re r 
S°/s f for eech exls. In the rete control, e deed-bend nonllneerlty Is Introduced before the 
oSre lnte*retor In order to Inhibit the drift orobles essocleted with the ours lnte*retor. 
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Co»Hfi»oa of fettgo posttloo tad rsts aootrolo 

•••;• flittfuli p lok-snd-plsos took* **r» 
Mrftrtd *tth both pur* position tad rtt« 
oontrol pods* for rsrloup «*iaa (Fi«ur* 9). 
Tho aota cospletlon ttao plot clearly thou* 
that plek-ead-plece performance slth part 
pooltioa ooatrol (seen completion tlse 2.9 
toooado tt 0 « 2) «ii about 1.9 tlato faster 

than thtt oT tht pure rate ooatrol («m 
ooaplotloa tit* 4*9 seconds tt S y • 4). 

of Joystick tad M anipulator 


ta op4*p to essoins oh? tht position 
ooatrol performed bttttr thtn tht rttt 
oontrol, several trajectories of tht joystiok 
dlopltotatnt Input tnd tht manipulator htnd 
position output during tht olok-and-pl toe 
optrttlon were observed. Tyolotl 
trajectories froo tht start of trylny to plot 
up tn object to Its tooospllshssnt were 
plot tt d to lllustrtts position, rttt, tnd 
loetlsrttlon controls (Flours l). Components 
only for tht *-s*ls ( side -to-slds) trt 
plotted, slnot cospontnts for tht other two 
%*es trt slsllsr. Observation of several 
trajectories Ind lot tts thtt t prtolst re- 
positioning of tht stnlouletor htnd Is 
achieved by t oosblnttlon of quick step rt* 
positioning optrttlons tnd slot ssooth 
movement optrttlons. In position oontrol ont 
quick stop re-oosltlonlny of tht ssnloulttor 
htnd fros ont position to tnothsr requires 
ont joystick pull or push optrttlon, whereas 
In tht rttt control It requires t ptlr of 
operations; oul l -tnd -oush or push -tnd -ou 1 1 
oosrsttons (Figure l). This Is t major 
rttton why the oosltton oontrol yielded 
better osrforesact thtn the rttt control for 
cur p l c k - t n d - o 1 t c t tesks. It should be 
noted, however, thtt the pick -tnd -pi tot ttsk 
is t positioning ttsk. If the ttsk Is 
followlny t tercet with t constant velocity, 
thtn velocity (rttt) control would ptrfors 
be ttsr . 

Acceleration Control 


Trt jsetortes 
fa venea\V 



Figure 9. Ptrfor s snet Cosptr 1 son of Pos 1 1 1 on 
tnd 5a tt dontroTT “ifote lev stn- 
sTtlvlty to yaln chtnye 



rosmos cotmoL un ccurrtat 



Three- ills plck-tnd-pltct ttsks vert 
tlso tried vlth acceleration control. It 
turned out, however, tccelerttlon oontrol wts 
not tdequt te to ptrfors sttble. stfe plak- 
tnd-pltce optrttlons. In tccelerttlon 

control, the ssnloulttor tends to move slsost 
til the tlse even though the joystick Is tt 
the center position. lots thtt In oure rets 
Joystick Is tt the center position reqei 
dlsolscesent. 


Figure l. Position, Fete tnd tccelerttlon 

Cnetrol. f y plot l trsjectorles of 
rt6" control tnd resulttnt ssnloulttor 
cutout lllustrste these control sodes 

control, the ssnloulttor does not sove when the 
•dless of previous history of the Joystick 


Hustn Adaptation t o St In Change 

Metn cospletlon tlse did not chtnqe such for the verlous kales tested (Figure 9), 
which setns thtt the hustn operstor sdtoted well to the *eln change (IcRuer, et tl, 1965; 
Tounf , 1 969; Sttrk, 1969). Both lower tnd higher ktlns relttlve to the ootlssl katas ctused 
slight Incretse In the tstn cospletlon tlse. A retson of slightly longer seen cosoletlon 
tlses with lower <tlns Is bectuse lower qtlns destnd wider joystick dlsoltcesents tnd It tskes 
longer for the finder or htnd to dlspltce the Joystick wider. A retson for slightly longer 
■ etn cospletlon tlses with higher tjtlns Is thtt higher ^tlns destnd sore slnute Joystick 
dlsplsasssnts, de^rsdln? effective resolution of the joystick control. An eddltlonel stjor 
retson for longer seen cospletlon tlses with lower *elns for the rtte control Is due to the 
velocity llslt. 
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joysttok 

#1 fh« tit* oo«son Jor*tl*k »r« th* di«plse*s*nt 
tttd for#* Joystick*. Th* output of th* dl*pl*o*«*nt 
jo»itltk I* proportion*! to th* Jofitlok dlspl*o*s«nt, 
where** th* output of th* foro* joystlok (l#oo*trlo or 
•tiff Joystick) l< proportion*! to tho foro* *ppll*4 bp 
th* huo«n op*r*tor. Th* sdvsntsfo of th* Toro* 
Joystlok l* th*t It requires only olnut* Joystick 
dl*yl*o*s*nts (* few sloro*eters) in oontrest with th* 
displsoesent Joystlok (* f*« oentUeters). 

Plek-snd-pleee t**k* were p*rforo*d for pur* 
position *nd r*t* oontrol* olth dl*pl*o*o*nt *nd foro* 
joysticks. Th* **p*rio*nt*l r**ult* for two subject* 
(figure 5) show* th*t in th* r*t* oontrol. t**k 
pe rf orwsno* with foro* Joystick «*• slgnl f losntly 
f*«t*r th*n thifc with dl*ol*o*o*nt joystlok. Thl* l« 
o*ln!y b*o*u** th* foro* joystlok *«n*** th* soplled 
foro* 4lr*otly. requiring only v*ry ilnot* joystick 
dlspl*o***nts. In th* position oontrol, however, th* 
foro* joystlok p*rforo*4 no b*tt*r th*n th* 
displsoesent joystick. In f*ot, *11 thr** *ub1*ot* 
preferred to u** th* dlsplsoeeent joystlok In thl* 
*o4*. slno* th* foro* joystick required *or* foro* to 
b* sppl led th*n th* displsoesent joystlok, **o*ol*lly 
«h*n th* ssnlpulstor h*n4 Is to b* po*ltlon*4 fsr *w*y 
fro* th* Inltlst a*nt*r position. Position oontrol 
slso p*rfor**4 b*tt*r thsn th* rst* oontrol regsrdless 
of joystlok typ*s, snd furth*r*or* th* position oontrol 



jovsTicx rra 

Figure 5. Displsoese nt snd foro* 
Joystick Control. “lot* “sTsotfv* 
eVlTTty - ” >f kfl)~“to~ util is* th*** 
dtff*r*nt loystloks. Position 
oontrol Is supsrlor to rst* 
oontrol In th* psrtloulsr ts*k 
studlsd. Too sub.jeotst dlssond 
(WK), cross (IT). 


of loystlok types, sna *• "*'*'• , . . , _ . 

* l th th* 41splso«*«nt Joystlok p*rfor«*4 b*st for our plok-snd -pise* tssks (Figure 5). 

Resolution 

Th* experlsentsl r*sults 4*sonstrst* th* superiority of 0 ®* ltlo J 1 ^Vhr*!!- 

t*l*ssnl ouls tor hss s sufflol*ntly sssll work spso* (Figures 1 5, 4. 4 5). Wot* thst our three 
stls plok-snd-plso* tssks us«4 In this experlsent lspllottely sssunss thst th* nsnloulstor 
sork spso* Is sssll or st l*sst not very Isrg*. slno* our tssk sllows th* hussn op*rstor to 
perfor* suoo* ss f u l plok-snd-plso* op*rstlons with s dlsolsy showing th* ’nMrswoc.kso^o^on 
th* so r**n. Exssples of s*sll work spso* t* lessnlpulstors osn b» found in nuol*sr resotor 
teleoper* tors, surglesl • to ro - 1* l * r obo ts . or sssll dexterous telerobotlo hsnds. *°J***°" 
rantrol osn slso b* utilized during proxlslty oosrstlons In conjunction with th* foro* 
Ml*«feln« loystloks for snhsnosd t*l*or*s*nc* (Be Jozy, 19*0). When th* t*l**snlouistor*s work 
soso* Is »*ff l* r g* ss cospsred to hussn op*r*tor‘s oontrol spso*. position oontrol of th* 
sntlr* work soso* suffers fro* poor resolution slno* hussn operator's °°" tro1 oSl 

srsstly up-sc*l*d to sooo**odst* th* telessnloulstor's Urge work soso* (Flstsu, 197B). On 
wsy of solving this poor resolution probles In oosltlon oontrol Is using indexing Johnson I 
Corliss. 1971i 4rgonn* Mstlonsl Lsb. 1967). In th* Indexed oosltlon oontrol sod*, th* oontrol 
stick l» ejected so thst th, full dlsolsc***nt rsng* of th* oontrol stick osn cower 

only s swell portion of th* ssnlpulstor work spec*, snd Urge •presents of L-VrVl Vtiok 
hsnd osn be *sd* by successive uses of sn ln**xlnq briber *°unt*d on the control stick, 
dote, however, thst rst* control osn Inherently provide sny higher degree of resolution by 
•ereohsng* of oontrol stick gsln without us* of Indexing. 


hoheohorphic cowtroller 

Most of our plck-snd-plsoe snd trscklng experlsents were performed with loystloks ss the 
input device through which the hussn operstor controlled th* slsulsted ssnlpulstor. Th* 
operstor’s sovesents when using joysticks sre non-hos*o*orphlc . so thst the sovesents hs sust 
ssk* to produce s desired ssnlpulstor response do no€ sstoh the sovesent of the ssnioulsto 
"J\ff* ’tor Thus. he sust sentslly convert the desired end ,ff*ctor position to Csrteslsn 
oooxdlnstes snd use th* joysticks to input these coordlnstes. 

To sttespt to study whether s truly hoseosorphle Input device could Isprove oerforssnoe 
in trseking tssks. sn sppsrstus of Identicsl for. to our ^slsulsted cTjJ^rlcsl ssnlpulstor wss 
built. 4 vertlosl rod wss supported oy besrlngs on the bees to sllow rotstlon, thst*. 4 
counterwelghted horlxontsl srs wss sttsohed to the rod with sliding besrlngs to 
rotstlon snd trsnslstlon In th* r snd z sxes respectively. The hussn coerstot ‘ could ^control 
position through s hsndle on the end of the srs correspondln. to the end ’ ff,otoc . *** 

slsulsted ssnlpulstor. Potentloseters sessured sove-w-nt In -soh sxls to deterslne Inpu . 
thets, snd s. The LSI-11 /25 oosputer resd these vslues through 4/D ohsnnels snd dlsolsyed th* 
ssnlpulstor In th* Identicsl position. 
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Thr«t*dia«n<toatl tri«kln< experiment* 
vtr « performed with th* homaomorphlo 
controller tod with Joy*tlok* for f»ln» 
v«rfln« from 1 to 9 to ooapir* performano* 
(Fleur* 6). Th* r*«ult» do not show * 
significant dlff*r*no* b*tw**n th* 
homeomorphlo oontrollor *nd .ioyitlok* 
th* rent* of gsln rslu**. Although th* 
larger moy*m*nt* required for th* 
hom*omorphlo eontroll*r, with greater Inertia 
*nd frtotlon then th* Joystick. »*T have 
ll*tt*d p*rfor**no*« w* b*ll*v* th*t hu*»n 
adaptability *lnl*l*** It* advantages. 


TjUtlliC 8T OPTIlUt COHTROL gXAMPLS 

k *l*pl If t«d sl*ul*tlon of th* **on*d 
■tntuvtrlnt unit, HUT, *n*bi»d study of 
tr* ining of hu**n control p*rfor**no* 
(Jordan, 198*5). Only thr*» translatory 
d*gr**s-of-fr*»dom, x, y *nd *, war* us*d. 
Thru*t*r» generating pul*** of aoo«l*ratory 
control war* oontroll«d via a larboard and 
th* task wa* to acoalarat* simultaneously in 
*, y and * to a maximum velocity, transit to 
th* d*slr«d n*w location, and d*c*l*rat* 
a?aln si*ul tsneously. Two displays war* u*ad 
--a paraoae t i wa display of a minified model 
of tha HHV, or two t w o -di man* Iona l orolao 
perspective display. 



Figure 5. Ho* *o«orohto Controller . Hot* 
sinfllnr low * a n s 1 1 i v 1 1 la » to 
gain for all thraa axis. 

(x-axts, diamonds j y-axls. 
orossast and x-axl*, squarss) 

pa of that soda l with a small inset of tha 


*,n.r,llv p.rfbr,,! ooorlT lurtn, th. f,« hun.r.H «,cond, .Uo«,d tor th, t,,h, 
Mn ). ««.!« to .11.. th, .abl.ot, to *1,. thl. control or obi,, 

i,rVl,d ”t hr , o o 1 1 , , 1 oootrol ,l,.rt th. ' .fill, I"",, 1 ;. 

«5«l.no, ... .t oon,td,r,bl, h,lb ,hd „„t,l oubl.ot, th,h o,rtor.,d dolt, *,11 (botto. 
panel. Flours 7). 

This expert sent, laarn in, -by-a xampl* . illuatrataa a strategy that perhaps aay be 
effective in aora ooaplex and realistic tasks as well. 


COHWOWICATtOW PSt.1T 410 PREVIEW 


Co a a un i o a t i on delay Is a significant 
constraint in human performance in controlling a 
remote manipulator. It has been shown (Sheridan 
et al, 1964, 1966» Tomixuka and Whitney, 1976) 

that preview information oan be used to Improve 
performance. Stark et al (1986) demonstrated that 
preview can signif loantiy reduce error in tracking 
experiments with imposed delay. 

Experiments ware performed to Investigate 
whether a preview display could Improve 
performance in plok-and-plae* tasks with delay. k 
single bright diamond-shaped cursor was added to 
the display to 1 represent current joystick 
position. This was a perfect prediction of what 
the end effector position would be after tha delay 
interval. Thus, th* task was the same as if there 
were no delay, except that the HO had to wait one 
delay period for confirmation that a target had 
bean touched or correctly placed (in the non- 
previewed display, the target letter was doubled 
when picked up, and became single again when 
placed in th* correct box). 

Preview improved performance at delays up to 
4 seconds so that it was almost as good as for a 
small delay of 0 2 seconds (Figure 8). While task 
oompletlon time in the delayed condition inorsased 
greatly with delay, there was only a small 
increase in th* preview oase. This is because the 
H.O. must compensate for delays by using a "move- 
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Figure 8. Performance affected by 
delays and by preview 
control mode . Mote severe 
adverse influence delay and 
beneficial effect of preview 
control in this oick-and- 
plaoe task. 
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•nd-wait" strategy, making a joystick movement and wetting to see the resultant and effector 
movement. In tha preview case, this strategy is only necessary when vary olosa to tha target 
or bo* to wait for confirmation that tha has indeed baan touohad. 


HELMET MOOHTED DISPLAY 0S3ICH 


Motive tlon 

Th# motivation of tha HMD system is to provide tha human oparator wtth a talaorasanoa 
feeling that ha is actually in tha remote site and controls tha telemanioulator diraotty. Tha 
HMD system detects tha human oparator's haad motion, and controls tha ramota starao camara 
accordingly. In our currant systam, tha ramota talamanlpulation task anvironmant is simulatad 
and tha pictures for the display are generated by the computer. 

Head Orientation Sensors . 

. *0 | 

k two-axis magnetic Helmholtz coll p* ^ ^ 

arrangement was used as a head orientation sensing I 

device, to detect horizontal and vertical head If 

rotations (Figure 9). By assuming that the pan 

and tilt angles of* a remote stereo camera are yj 

controlled in accordance with the horizontal and J JT 

vertical head rotations, respectively, the PJ | 

computer generates the oor respondln? stereo jl i 

picture for the HMD. The head orientation ? \ ^ J F 

sensing device is composed of a search (sensing) j. >■— - j 

coll mounted on or beneath the helmet and two j 

pairs of field coils fixed with respect to human 
operator's control station. The right-left pair 

of the field coil generates the horizontal 
magnetic flux of a 50 KHz square wave. The up- 

down pair of the field ooil generates the vertical Figure 9. Head Orientation Sensor Os vice 
magnetic flux of a 75 KHz square wave. The search 

coil detects the induced magnetic flux, which is amplified and seoarated into 50 and 75 KHz 
components. The magnitude of each frequency component depends uoon the orientation of the 




search coll with respect to the corresoonding field coil (Duffy. 1955). 


LCD Display 

kn early configuration of the HMD 
had a flat-panel LCD (liquid crystal 
display) screen (a commercially 
available portable LCD television) 
mounted on the helmet for the display 
(Figure 10). However, the picture 
quality of the LCD screen was poor due 
not only to low resolution but also to 
poor contrast. 
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Figure 10. Early HMD Design with LCD Screen 


CRT Display 


k new design of the HMD that we currently have, mounts a pair of Sony viewfinders (Model 
VF-70S) on the helmet (Figure ltf. Each viewfinder has a 1 -inch CRT (cathode ray tube) screen 
and ~ a converging lens through which the human operator views the CRT screen. The computer- 
generated stereo picture pair (stereogram) is displayed on the CRT screens; one for the left 
aye and the other for the right. The converging lens forms the virtual image of the 
stereogram behind the actual display screen. When the CRT screen is 4.2 cm apart from the 
lens whose focal length is 5 cm, the virtual image of the CRT screen is formed at 25 cm apart 
from the lens with an image magnification of 6. Thus, a 1-inch CRT screen appears to be a 5- 
inoh screen to the viewer. kt appropriate geometrical and optical conditions, the right and 
left images overlay, and most people can fuse the two Images into a single three-dimensional 
image. The stereoscopic display formulas used to generate the stereogram for the helmet 
mounted display are described in references (Kim, et al, submitted 1995). 

Mechanical Design 

Five degrees of freedom were provided for the mechanical adjustment of the position and 
orientation of each viewfinder, allowing three orthogonal slidings and two rotations (Figure 
11 ). k 1 lb counterweight was attached to the back of the helmet for counterbalancing. 
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SUMMARY 

Tha class experiments enabled our Talarobotlc Unit at tha University of California, 
Berkeley, to explore In a number of researoh directions. The HMD direction has now tio»n 
xreatly extended and Is a major focus In our laboratory. On the other hand, the hoeeomorphlo 
controller did not seem to be a productive project to continue because of the sdaptabll Ity of 
tha H.O. to many configurations of control. Also, our Interest In suoervlsory and other high 
level controls la leading us away from direct manual control. The students were enthusiastic 
and felt the course stimulated their creativity and provided an opoortunlty for them to enija^e 
In relatively unstructured laboratory work — -a good model for subsequent thesis research. 
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